SUMMARY
INTRODUCTION
Specific mutations in the Drosophila tumor suppressor gene lethal (2) tumorous imaginal discs (l(2)tid) cause neoplastic transformation of the anlagen of the adult organs, the imaginal discs (1-3).
As shown by transplantation experiments, the autonomous but non-invasive growth of the mutant imaginal discs begins at early stages of embryonic development (1) . Since the tumor developing l(2)tid mutants were first discovered, this phenotype determined the designation of the gene.
However, mutations of l (2) tid cause severe defects (1) . Knocking out the l(2)tid function by injection of anti-sense (as)-mRNA as well as overexpression of the as-mRNA in transgenic animals cause embryonic lethality as a result of multiple developmental abnormalities, including segmentation problems (4) .
Interestingly, the Tid proteins have been identified as novel members of the evolutionary conserved DnaJ-protein family (2) also referred to as heat shock proteins 40 (Hsp 40) because a number of them are about 40 kDa in size and have been identified as products of heat shock (hs) genes (5) . As shown previously the expression of l(2)tid is not heat inducible (6) . Although members of the DnaJ proteins show structural diversity, they share sequence homology with the canonical 4 receptor and main regulator Patched (Ptc) (8) (9) (10) . We determined that Tid47 interacts in vivo in a developmental stage-dependent manner with the cytosolic C-terminal part of Hh-bound Ptc during signal transmission. Furthermore, using genetic techniques we determined the imaginal discs region developing into the tumor to a restricted area of the imaginal discs, a population of Hh responsive cells defined by expression of Ptc and Cubitus interruptus 155 (Ci 155 ), the central effector of the pathway (10) (11) (12) . Finally, we determined the expression patterns of htid-1, the human counterpart of the Drosophila tumor suppressor gene, in basal cell carcinomas (BCCs) implying that the gene is a novel target in skin cancer.
EXPERIMENTAL PROCEDURES
Drosophila strains and cells-Wild-type strain: Oregon R (13) . Mutant strains: l(2)tid 1 (1) , ptc tuf-1 (14) , ptc 9 (15, 16) . Balancer strains: Pm/Cy, Pm/CyO*, TM3/TM6B (13) . Transgenic strains: UAS-
mCD8-GFP (17) (Bloomington stock center), GAL4 (18) enhancer trap lines -MZ1299/1, MZ0423
and MZ 0853 (kindly provided by Dr. J. Urban, Institute of Genetics, Johannes Gutenberg University, Germany) -carrying the P-element insertions on the third chromosome. The hybrid strains homozygous for l(2)tid 1 mutation on the second chromosome, the marker transgene UAS-mCD8-GFP (17) on the first chromosome and the GAL4 driver on the third chromosome were generated by standard genetic methods. At first, the l(2)tid 1 /SM5 flies (1) were crossed to the transgenic UAS-mCD-GFP (17) flies. The progeny from this cross, carrying both the l(2)tid 1 allele and the marker transgene, was mated with the GAL4 lines. The double mutants, l(2)tid 1 ptc 9 and l(2)tid 1 ptc tuf-1 , were generated by recombination. All strains were grown on standard media at permissive temperature.
Drosophila embryonic Schneider2 (S2) cells were cultivated on Schneider´s medium (Gibco, BRL, Life Technologies Ltd.) supplemented with 10% fetal bovine serum (Sigma) at 25˚C.
Immunohistochemical analysis of human BCCs-Specimens of primary (12 cases) and recurrent (2 cases) BCCs were obtained from seven female (age range 57-84) and seven male (age range patients free from therapy and undergoing surgical treatment at the Regina Elena Cancer Institute.
Nine of the samples were from skin exposed to sun. The histological diagnosis followed the criteria of by guest on September 1, 2017
http://www.jbc.org/ Downloaded from 5 Lever (19) . Upon removal, tissue samples were divided into two parts. One part was processed for routine histopathological examination and the other was shock frozen in liquid nitrogen at -80°C prior to use. For immunohistochemistry four µm cryostat sections were fixed in cold absolute methanol for 10 min. Biopsies were stained with the affinity purified polyclonal rabbit anti-hTid serum (U. KurzikDumke, will be published elsewhere) at the concentration of 40µg/ml and the polyclonal goat antiserum to the N-terminus of Ptc (sc-6149, Santa Cruz) at a concentration of 25µg/ml. Incubation with the primary antibodies and the horseradish peroxidase (HRP) labeled secondary antibodies were carried out by standard procedures using commercially available reagents (Vectastain). 3-amino-9-ethylcarbazole (AEC, Sigma) was used as substrate for HRP. Sections were counterstained with Mayer´s hematoxylin. For morphological evaluation biopsies were stained with 1% toluidine blue. At least three, non-consecutive sections of each biopsy were analysed.
Immunohistochemistry of imaginal discs and cuticle analysis-Imaginal discs were dissected from third instar wandering larvae. To obtain a homogenous population, egg-laying was restricted to 3 h.
Immunohistochemistry was performed as described (3) . Primary antibodies were used in the following dilutions: i) anti-Tid 3 : 1:50, ii) anti-Ptc (14): 1:75, iii) and anti-Ci (11): 1:20, iv). Secondary antibodies were used in concentrations suggested by the suppliers. Cuticle analysis was performed after standard procedures (16) .
Antibodies, immunoprecipitation and Western blotting-
The polyclonal anti-Tid antibody used in this study has been described (3). For immunoblotting the affinity purified serum was biotinylated (anti-Tid B ) using the service of the Biotrend company (Cologne, Germany). For Ptc detection the monoclonal mouse anti-Ptc (20) and the polyclonal rabbit anti-Ptc C serum raised in our laboratory against the His 6 -Ptc 1143-1286 fusion protein were used. The expression vector, pQEHis 6 -Ptc 1143-1286 , was generated by excision of the ptc gene fragment encompassing nucleotides (nt) 4125-4559 (15) (Acc.N° M28999) from the cDNA clone isolated in the yeast two-hybrid screen, and cloning into pQE30 (Qiagen). Antigen purification and rabbit immunization were performed as described (3) .
Further primary antibodies used in this study were: polyclonal rat anti-Smo (21), polyclonal rat anti- Jackson ImmunoResearch Lab. The concentration of the affinity purified antisera generated in our laboratory was determined by specific ELISA established according to standard protocols (3).
Immunoprecipitaion reactions were performed from precleared protein lysates made from 10 mg of whole Drosophila organisms using the Cellular labeling and Immunoprecipitation Kit (Roche). To detect all immunoprecipitated proteins the lysates were biotinylated (Roche). The protein labeling step was omitted in those cases in which the samples were subjected to detection of the Tid molecules, Ptc, Hh, Hsp70 or Smo. For immunoprecipitation of the biotinylated proteins 2.2 µg of the anti-Tid antibody were used. 4.5 µg of anti-Tid were used for immunoprecipitation of non-labeled proteins.
Denatured protein complexes were separated on a 8 % SDS-PA gel (Fig. 1b) . To improve the resolution of the molecules sized 30-50 kDA (Fig. 1b , labelled with a parenthesis "{" ) separation on 10% SDS-PA gel was performed (Fig. 1c) . The molecules were detected using the enhanced chemiluminescence detection system (Roche). The specificity of the signals was verified by staining with the appropriate pre-immunserum (lanes labelled with 2) and by a competition assay (3) (not shown).
Subcellular compartments were isolated by differential centrifugation and characterized by determination of cell-compartment-specific enzymes such as Glucose-6-phosphatase, glutamate dehydrogenase, lactate dehydrogenase and α-mannosidase and by sucrose content (data not shown) as described (3) . Aliquots containing 50 µg protein were separated on a 10% SDS-PA gel.
Antibodies to Tid, Ptc, Hh, Smo, and Hsp70 were used in the following dilutions: i) anti-Tid protein in the GST-buffer (Pharmacia). Both proteins were purified from bacterial lysates under native conditions. The protein complex was released from the beads using Laemli buffer, separated on SDS-PA gel (12.5%) and submitted to immunoblot. The specificity of the reaction was examined in a control experiment using the affinity purified GST protein to pull down Ptc. Ptc was detected with the 8 affinity purified anti-Ptc C serum. To avoid protein degradation all steps were performed at -4°C. The buffers used were supplemented with the Complete TM Protease Inhibitor Coctail (Roche).
RESULTS AND DISCUSSION
The Tid proteins are destined to different cellular compartments and interact in vivo with many molecules in a developmental stage-specific manner-Sequence analysis of the putative Tid56 protein revealed that its N-terminus shows features of a mitochondrial leader (2), thus implying mitochondrial localization of its products, as shown for the yeast homolog MDJ1 (24) . The identification of the Tid56 precursor and the two mitochondrial proteins Tid50 and Tid40 confirmed this prediction (3).
To get an insight into the developmental role of the Tid molecules we searched for their physiological ligands. Using the anti-Tid antibody (3) proteins complexing with the Tid molecules were precipitated from various Drosophila developmental stages and investigated by immunoblot.
This analysis revealed a further Tid molecule, Tid47 (Fig. 1a) , and showed that the Tid proteins do associate with a number of molecules in a developmental stage specific manner (Fig. 1b, c) . To determine the localization of Tid47 we investigated subcellular compartments isolated from the embryonic Schneider2 (S2) cells by differential centrifugation (results not shown) and fractionation on continuous sucrose gradient (3). As shown in Fig. 1a Tid47, unlike the mitochondrial proteins Tid50 and Tid40, is localized in the cytosol. Since extensive screening of cDNA libraries to isolate a putative cDNA without the mitochondrial leader failed, the question how Tid47 avoids being imported into mitochondria, or how it can exit from mitochondria and arrive at its destination, has to be answered. Recently published data on the cellular localization of the murine homologs of the Drosophila Tid proteins have shown that depending on the particular cell type mTid molecules may be localized to the cytosol, mitochondria and nucleus, though the corresponding cDNAs carry putative mitochondrial leader sequences (25) .
The question of how the products of a single gene can be destined to more than one intracellular compartment has been addressed only little up to now (26) . The finding that mitochondrial proteins may perform extramitochondrial functions was first suggested by mitochondrial chaperones, which have been implicated in autoimmune diseases and antigen presentation (27) . The mechanisms of the 9 dual targeting of certain mitochondrially encoded proteins has also been reported (27) . The mechanism of the synthesis, processing and intracellular trafficking of the Tid proteins remains to be investigated. This function is evolutionary conserved. The J-domain of the E.coli DnaJ cochaperone can be functionally substituted by its counterpart of SV40, JCV and BKV viruses (29) . Interestingly, in the case of the polyomavirus family the N-terminal T/t common exon of the T antigens turned out to be a J-domain. It has been shown to participate in molecular pathways related to cell cycle oncosuppressive activities of p53 and pRB-related proteins (30) . Furthermore, the viral J-domain seems to play a critical role in cell immortalization, transformation, DNA replication, protein stability and viral morphogenesis (30) . The association of the SV40 J-domain with Hsp70 proteins from rat, monkey and human cells has been documented (30) . With regard to the other structural elements of the DnaJ-proteins a modulatory function for the substrate binding activity of DnaK (E.coli Hsp70) has been reported for the G/F motif of the E.coli homolog (31) . The Zn finger-like cysteine rich region has been found to specifically recognize and bind proteins in their denatured state (32) . No reports are available so far on functional analysis of the non-homologous C-terminal region of the DnaJ-proteins.
Identification of Ptc as
To determine the Tid47 domain interacting with the cytosolic part of Ptc yeast 190 cells were transformed with the pAS2-1Ptc 1143-1286 prey, encoding the C-terminus of Ptc, and the six baits generated (Fig. 2a, constructs 1-6 ). As shown in Fig. 2b none of the Tid47 structural domains alone is sufficient to bind Ptc (Fig. 2a, b , constructs 2-6). Deletion of the N-terminal part of the J-domain affects the binding capacity drastically (Fig. 2a, b , construct 4), thus indicating the requirement of Tid47 integrity (Fig. 2a, b , construct 1). This finding also accounts for "fishing" Ptc exclusively with the longest bait (Fig. 2a, construct 1) .
Confirmation of the Tid47-Ptc binding in vitro and in vivo-
To provide further evidence of Tid47-Ptc interaction established by two-hybrid system, we used the in vitro GST pull down technique (33) . The two proteins to be tested were expressed using the bacterial expression systems pGEX (Pharmacia) and pQE (Qiagen) and isolated under native conditions. As shown in Fig. 2c the Tid47-Ptc binding was confirmed using this assay.
On the basis that Tid47 interacts in a developmental stage-specific manner with Ptc ( Fig. 3a) , which is required for proper development of embryonic and adult structures of the fly (16, 14) , immunoprecipitates performed from embryos and third instar larvae using the anti-Tid antibody (3) were investigated for the presence of Ptc (Fig. 3b-d ). As shown in Fig. 3b ,c Tid47 interacts with Ptc during these two developmental stages, thus implying that this interaction is essential for the development of the embryonic and adult fly structures. Furthermore, the comparison of the results presented in Fig. 3 c, d and Fig. 1b , c (lanes: E, L3, P, A; the band of 140 kDa was identified as corresponding to the Ptc protein) suggests that this interaction takes place also during the flies pupal and adult life, and may not be required for developmental processes taking place during the first and the second larval stage (Fig. 1b, lanes: L1, L2 ).
Tid47 binds Ptc while the Hh cascade is activated-Ptc is a downstream target of the secretory Hh
molecule that modulates differentiation of a variety of tissues (9, 10, 21) and regulates the transcription of genes involved in embryonic patterning and cancer such as wingless (wg), a member of the Wnt family, and transforming growth factor-ß (TGF-ß) (34, 35) . Several molecules of the Hh pathway have been identified (Fig. 3a) . Their interplay has been postulated on the basis of genetic analysis (9, 10, 21) . In the absence of Hh, Ptc inhibits the signaling by binding with and inactivating
Smo, the molecule required to transmit the Hh signal (Fig. 3a) . Furthermore, it sequesters Hh (36). Based on the amino acid sequence Ptc has been defined as an integral transmembrane protein (15) .
Using immunohistochemistry it has been preferentially localized to cell-cell adhesive junctions of epidermal cells and endocytic-vesicles (14, 20) . To determine whether Tid47 interacts with a special Ptc-population we looked for its presence in anti-Tid precipitates made from purified subcellular compartments. This analysis revealed that Tid47 coimmunoprecipitates with Ptc located in the membrane and in transport vesicles (Fig. 3d, lanes 1-3) and that Hh is a part of the Tid47-Ptc complex (Fig. 3e) . These data are consistent with the dual role for Ptc in transducing Hh and mediating its endocytosis (36, 20) . To prove that the interaction takes place during signaling we determined the expression of the effector molecule of the Hh signaling, the active form of the transcription factor 12 Ci 155 (12) , in wild-type imaginal discs (Fig. 4l ) and in the tumorous tissue (Fig. 4q) 
Loss of l(2)tid cause neoplstic transformation of Hh responsive cells-As described previously in tumorous imgainal discs loss of l(2)tid expression is restricted to those parts were the tumor arises (3).
To identify these regions we have taken advantage of the GAL4-UAS targeted expression system (18) and of immunohistochemistry using antibodies specific to the anterior region of the imaginal discs, such as Ptc (14), expressed throughout the anterior compartment and up-regulated in cells building the anterior-posterior boundary (Fig. 4k , cf. h,r), and Ci 155 , located in the anterior part (11) (Fig. 4l , cf. r).
We generated three hybrid strains homozygous for the l(2)tid 1 allele (1), equipped with a third chromosome derived from three different enhancer trap lines carrying the GAL4 driver (18) and a first chromosome carrying the transgenic marker UAS-mCD8-GFP (17) (Fig. 4a-f ). As shown in (Fig. 4q) .
Furthermore, the here visible spot-like distribution of Ptc suggests that in tumor cells it is preferentially located in vesicular structures (Fig. 4n-p , cf. l) (14) . Considering these data with the fact that in the central region of the compartment boundary Ptc binds Hh to limit its movement into the anterior compartment and thus to control the transcription of the target genes (39), the question arises whether loss of l (2) 
Genetic evidence for the interplay between the genes l(2)tid and ptc during embryogenesis and larval
life-In order to get some insight into the functional relationship between the interaction partners Tid47 and Ptc during development, we made double mutant combinations between both mutant alleles. Since ptc is involved in the patterning of both the embryo and the larval imaginal discs, we generated a double mutant between the tumorous l(2)tid 1 allele (1) and the embryonic lethal loss of function mutation ptc 9 (Fig. 5b,c) (15, 16) , and between l(2)tid 1 and the viable ptc tuf-1 allele (14) (Fig.   4s-u) . Interestingly, the viable ptc tuf-1 mutant is characterized by loss of pattern of sensory structures, alterations in venation and overgrowth of the central part of the anterior region of the wing imaginal discs (Fig. 4s, cf. r) . The area of the morphological changes coincides here too, just as shown for the (1), is a mutation in the 5´ regulatory region (14) . Interestingly, homozygous l(2)tid 1 ptc tuf-1 animals show tumorous growth as described for l(2)tid 1 (Fig. 5t,u) . The pattern of Ptc (Fig. 4t) and Ci 155 (Fig. 4u ) expression suggests that in the double mutant, just as in the homozygous l(2)tid 1 tumor mutant, an anterior cell population also gives rise to the tumor.
The phenotype of the embryonic lethal ptc 9 mutant, characterized by epidermal defects (Fig. 5b) , is due to a 0.2 kb insertion at position +165 disrupting the protein coding region resulting in a loss of ptc function (15) . The phenotype of the homozygous l(2)tid 1 ptc 9 double mutant (Fig. 5c ) resembles that of ptc 9 itself (Fig. 5b) . Since wild-type embryos injected with l (2) 
The expression of htid-1, the human counterpart of the Drosophila l(2)tid gene, is altered in BCCs-
The interaction of Tid47 with Ptc defines it as a novel component of the intracellular signaling mediated by Hh (9, 10, 26) (Fig. 3a) . This pathway determines cell fate and organizes pattern formation in the fly and vertebrates (40) . As shown using mouse models (41, 42) disruption of the Hh mediated signaling during vertebrate embryogenesis causes developmental abnormalities corresponding to those defined as segment polarity defects in Drosophila (16) . Furthermore, it has recently become evident that in humans disruption of the hh-ptc signaling (Fig. 3a) , due to mutations either in ptc (43, 44) or the other genes of the cascade, hh, smo and Gli-1 (42, 45, 46) , is a key event in the development of basal cell carcinoma (BCC). Thus, the Tid47-Ptc binding and the consequences of its disruption are also likely to be conserved. In order to confirm the former, we looked for expression of htid-1 (47), the human counterpart of the Drosophila tumor gene, recently found to interact with cancer related proteins such as E7 (48), Tax (49) , and interferon (50), in BCCs. We stained human biopsies of primary and recurrent sporadic BCCs with the affinity purified polyclonal rabbit anti-hTid serum and the sc-6149 antibody (Santa Cruz) to the amino terminus of the Ptc molecule (Table 1 , Fig.   6 ). The cytoplasm of normal keratinocytes of all cases investigated was positive for anti-hTid, although with slightly variable intensity among the tissues tested (Fig. 6a, d , g; cf. Table 1 , cases 1, 11, 13). Staining of tumor tissues with the same antibody yielded the following distinct patterns: i) no stain ( Table 1 , cases 2-6), ii) a weak stain limited to the base of cell palisades ( Fig. 6b ; cf. Table 1, case 1), iii) a heterogenous weak stain in most of the tumor tissue ( Fig. 6e ; cf. Table 1 , case 11), and iv) staining of variable intensity with limited negative areas ( Fig. 6h ; cf. Table 1 , case 13). The stronger staining of the base of the cell palisades seen in some of the specimens investigated is not related to special tumor histotype (Table 1, cases 1 , 7, 8, 10, 11, 13, 14) . The patterns of expression of htid-1 in the tumor are not related to the origin of the tumor from areas exposed to the sun ( Table 1) .
As a general feature an altered expression pattern was observed in all cases investigated as compared to normal skin (Table 1) . Loss or significantly decreased anti-hTid staining was detected in eight out of the nine solid invasive tumors (Table 1 , cases 1-4, 6-8, 11) and two out of the four more differentiated adenoid/adenoid-cystic variants (Table 1 , cases 5, 11). Whatever the cause in terms of molecular genetics, this finding implicates a correlation between the loss of htid-1 expression and loss of differentiation capacity of the neoplastic cells similar to that found in the Drosophila tumor-model.
Sequencing of the Drosophila l(2)tid gene derived from homozygous tumorous alleles yielded
identification of mutations in the putative 5´and 3´regulatory regions (3) . Considering the location of these mutations and with regard to the fact that they lead to a cell-specific abolition of l(2)tid action, we assume that they interfere with processes responsible for the differential expression and tissuespecific function of the Tid proteins. Furthermore, we suggest that the mutational events result in either abolition of l(2)tid ability to bind molecules activating its expression in the affected tissue, or they create a putative target site for a cell/tissue-specific gene silencer. A similar mode of action may be true for the human BCC cases described that are characterized by loss of htid expression (Table 1, cases 2,4,7). Here, just like in Drosophila, the loss of htid expression is limited to the tumor. The expression of the gene is not affected in the normal skin of the same patient, thus, mutations silencing the expression of the gene can be ruled out as a cause of the observed phenotype. Generally, with regard to the above, to understand the role of htid in the development of human BCCs, it is essential to investigate the mechanisms of cell/tissue-specific regulation/deregulation of its expression, and to determine the mutational events corresponding either to its loss or alterations in the expression pattern in the tumorous cells.
Looking for Ptc expression in normal epidermis yielded no obvious signals in all cases investigated. This finding is consistent with the data previously described by Unden (51) and Tojo (52) showing that ptc is not expressed in normal epidermis and implicating that its overexpression correlates with BCC formation. The tumor tissues of 50% of the specimens investigated by us were positive for Ptc contrary to normal keratinocytes (Table 1) . Interestingly, in some of the cases, the aberrant expression patterns detected for both tumor suppressors in question overlapped (Table 1, cases: 1, 12, 13; Fig. 6b , c, h, i). Up-regulation of Ptc expression in htid-1 negative tumors, similar to that observed in Drosophila, has been documented in three cases (Table 1, 
